The deregulation of brain cholesterol metabolism is typical in acute neuronal injury (such as stroke, brain trauma and epileptic seizures) and chronic neurodegenerative diseases (Alzheimer's disease). Since both conditions are characterized by excessive stimulation of glutamate receptors, we have here investigated to which extent excitatory neurotransmission plays a role in brain cholesterol homeostasis. We show that a short (30 min) stimulation of glutamatergic neurotransmission induces a small but significant loss of membrane cholesterol, which is paralleled by release to the extracellular milieu of the metabolite 24S-hydroxycholesterol. Consistent with a cause-effect relationship, knockdown of the enzyme cholesterol 24-hydroxylase (CYP46A1) prevented glutamate-mediated cholesterol loss. Functionally, the loss of cholesterol modulates the magnitude of the depolarization-evoked calcium response. Mechanistically, glutamate-induced cholesterol loss requires high levels of intracellular Ca 2 þ , a functional stromal interaction molecule 2 (STIM2) and mobilization of CYP46A1 towards the plasma membrane. This study underscores the key role of excitatory neurotransmission in the control of membrane lipid composition, and consequently in neuronal membrane organization and function.
Introduction
Cholesterol is essential for the normal functioning of most eukaryotic cells. As a major component of the plasma membrane (PM), cholesterol plays a key role in fluidity and permeability and, together with sphingolipids, constitutes membrane microdomains or rafts (Lingwood and Simons, 2010) . Rafts are known to regulate a panoply of functions, including endocytosis and intracellular signalling for differentiation and cell survival (Simons and Toomre, 2000; Tsui-Pierchala et al, 2002) . Given such functional pleiotropism, it is evident that cholesterol is a major regulator of neuronal function. Consistently, a series of recent reports have demonstrated the importance of cholesterol in the control of synaptic transmission. Acute cyclodextrinmediated removal of membrane cholesterol inhibits synaptic transmission and plasticity in the hippocampus (Frank et al, 2008) , whereas a reduction in cholesterol synthesis enhances hippocampal long-term potentiation (Mans et al, 2010) . Cholesterol reduction also affects the viscosity of the postsynaptic density (Renner et al, 2009 ) and impairs proton and glutamate storage in synaptic vesicles (Tarasenko et al, 2010) . In addition, it has recently been shown that cholesterol synthesis and catabolism are differentially affected at distinct times in models of glutamate-mediated excitotoxicity (Ong et al, 2010) . From these findings, it seems reasonable to hypothesize that at least some of the typical signs and symptoms of the pathological conditions that are accompanied by excessive glutamatergic neurotransmission, such as stroke, epileptic seizures or traumatic brain injury, may be due to glutamate-triggered cholesterol dyshomeostasis.
The major rate-limiting enzyme in the cholesterol synthesis pathway is the endoplasmic reticulum (ER)-bound 3-hydroxy-3-methylglutaryl-coenzyme-A reductase, which produces mevalonate. After this step, cholesterol synthesis follows two alternative routes: one route leads to production of desmosterol as an immediate precursor of cholesterol; the other leads to production of 7-dehydrocholesterol as a direct precursor. Next, 7-dehydrocholesterol is converted to cholesterol by the enzyme 7-dehydrocholesterol D7-reductase. It has been proposed that in the adult stage, when membrane addition has largely stopped, neurons rely on astrocytes for the energy intensive process of cholesterol synthesis. Evidence for a cholesterol shuttle from astrocytes to neurons has been presented (Michikawa et al, 2000; Gong et al, 2002) , and it has also been demonstrated in vitro that neurons require cholesterol delivery from glial cells to form synapses (Göritz et al, 2002) . In further support of the theory that neurons delegate this costly metabolic pathway to astrocytes, mature neurons have been shown to produce cholesterol inefficiently and to have a much lower capacity to upregulate the cholesterol synthetic pathway than astrocytes (Nieweg et al, 2009) .
A small fraction of brain cholesterol (B0.02% in humans and B0.4% in mice) turns over each day (Dietschy and Turley, 2004) . The major mechanism of cholesterol removal is its conversion into 24S-hydroxycholesterol, which diffuses out of the neurons, crosses the blood-brain barrier and is cleared by the liver (Lü tjohann, 2006) . This reaction is catalysed by a cytochrome P450 enzyme, cholesterol 24-hydroxylase (CYP46A1), which is selectively expressed in the brain (Lund et al, 1999) . High levels of this enzyme are found in neuronal cells, specifically in the pyramidal neurons of the hippocampus and cortex, in the Purkinje cells of the cerebellum, and in hippocampal and cerebellar interneurons (Ramirez et al, 2008) .
In the present study, we show that hippocampal neurons that exhibit high levels of excitatory, but not inhibitory, neurotransmission experience a mild loss of membrane cholesterol through a Ca 2 þ /STIM2-mediated mobilization of CYP46A1 from the smooth ER towards the PM.
Results

Excitatory neurotransmission induces hippocampal membrane cholesterol loss in vitro and in vivo
Neurotransmitters are released from axon terminals by vesicular exocytosis. Exposure of neurons to elevated concentrations of KCl is a conventional procedure to elicit this neurotransmitter release (Jahn and Sü dhof, 1994) . Therefore, to test whether glutamate receptor activation plays a role in the regulation of membrane cholesterol, 14-day in-vitro rat hippocampal neurons were incubated for 30 min with 55 mM KCl, and the effect of this incubation on cholesterol levels was evaluated in the membrane extracts at the end of the incubation period. High levels of potassium induced a significant reduction in the content of membrane cholesterol (21.5 ± 2.4%, Figure 1A) .
We have previously demonstrated that 55 mM KCl mediates dendritic spine plasticity via a glutamate-mediated effect in cultured hippocampal neurons (Schubert et al, 2006) , suggesting that KCl effects might be preponderantly postsynaptic. However, since KCl-induced glutamate release can lead to global depolarization, action potential firing and secondary activation of voltage-gated channels, we tested if KCl-mediated cholesterol loss could still occur in the presence of the sodium channel blocker tetrodotoxin (TTX). Also under this condition, 55 mM KCl effectively induced cholesterol loss (Supplementary Figure S1) . To further validate the postsynaptic nature of this effect, cultured hippocampal neurons were challenged for 30 min with 1, 10 and 100 mM of the glutamate receptor agonist N-methyl-D-aspartate (NMDA). Treatment with this agonist produced a reduction in the membrane cholesterol levels, which was significant even for 10 mM NMDA (18.6 ± 3.3%, Figure 1A ). With a concentration of 100 mM NMDA, the decrease in cholesterol levels was slightly higher (26.7±7.3%, Figure 1A) . Although the applied concentrations of NMDA increase neuronal death after 24 h, some consequences after 30 min, like in our experiments, could be beneficial for the cell (Papadia and Hardingham, 2007; Papadia et al, 2008; Léveillé et al, 2010) . In agreement, neuronal morphology, viability and expression of synaptic proteins were not affected by exposure to NMDA for 30 min (Supplementary Figure S2) .
To validate the specificity of the NMDA-induced effect, cultured neurons were exposed to 10 mM NMDA in the presence of 10 mM of the specific NMDA receptor antagonist DL-2-Amino-5-phosphonopentanoic acid (AP-5). This manipulation prevented the NMDA-induced cholesterol loss ( Figure 1A ).
To test whether cholesterol loss also occurs during increased inhibitory transmission, cultured hippocampal neurons were incubated for 30 min with 10 and 100 mM of the GABA A receptor agonist muscimol. In contrast to the NMDA receptor activation, activation of inhibitory GABA A receptors did not produce significant changes in cholesterol levels after 10 or 100 mM muscimol ( Figure 1A ). with 10 or 100 mM NMDA, but not 1 mM NMDA, induces a significant cholesterol loss in the membranes of cultured hippocampal neurons. Preincubation with the NMDA receptor antagonist DL-2-Amino-5-phosphonopentanoic acid (AP-5, 10 mM) for 10 min rescued the cholesterol loss that was induced by 10 mM NMDA. Strengthening of inhibitory neurotransmission by the addition of 10 or 100 mM muscimol did not significantly affect the cholesterol levels. In all the cases, the treatments were performed for 30 min. The cholesterol levels were assessed using fluorimetric detection, normalized to the amount of protein and expressed as a percentage of change relative to the corresponding control. The protein levels did not differ significantly between the treated hippocampal neurons and their controls after 30 min of treatment. In this and all of the subsequent figures, the bars represent the mean and the error bars represent the s.e.m. (n ¼ 4-7, *Po0.05 versus control, #Po0.02, Student's t-test). (B) Mice were injected with kainic acid (KA, 20 mg/kg i.p.) to stimulate excitatory neurotransmission. The corresponding controls were injected with a saline solution. Hippocampal membranes were purified 30 min later, and the cholesterol levels were assessed using fluorimetric detection. KA treatment induced a significant cholesterol reduction in the hippocampal membranes (SAL: 75.8 ± 6.7 versus KA: 50.0 ± 7.4 ng cholesterol/mg protein; n ¼ 4, *Po0.05 versus SAL, Student's t-test).
To investigate whether increased excitatory neurotransmission leads to cholesterol loss in vivo, we measured the amount of this lipid in hippocampal membranes that were purified from mice 30 min after a single injection (20 mg/kg, i.p.) of kainic acid (KA). At this time point, KA causes an activation of CA3 pyramidal neurons and CA3 recurrent synapses (Ben-Ari and Cossart, 2000) . Similarly to the in-vitro condition, the hippocampal membranes that were obtained from the KA-treated mice exhibited an average reduction of 34.0% in the amount of cholesterol compared with those of the saline-treated mice ( Figure 1B) . In further agreement, liquid chromatography/mass spectrometry (LC/ MS) analysis of whole hippocampal tissue showed a significant reduction in the cholesterol/phospholipids ratio in KAtreated animals compared with saline-treated animals (SAL: 0.57±0.01 versus KA: 0.53±0.01; Po0.05, Student's t-test).
Glutamate-mediated cholesterol loss is synaptic
While the experiments with the specific NMDA receptor antagonist AP-5 confirmed the synaptic nature of the glutamate-mediated cholesterol loss, we further analysed this event using purified synaptosomes. First, we exposed synaptosomes to 55 mM KCl and analysed their cholesterol content 15 min later. This treatment resulted in a significant loss of cholesterol (19.9 ± 2.7%, Figure 2A ). Next, we measured the cholesterol content in synaptosomes that were incubated with 10 mM NMDA (30min) or 10mM AMPA (15 min). These treatments also resulted in a significant reduction in synaptic cholesterol (10.7±2.6 and 13.3±4.9%, respectively; Figure 2A ). The combination of 10 mM NMDA and 10 mM AMPA for 30 min led to a larger reduction in cholesterol (20.2 ± 3.3%, Figure 2A ). In contrast, the addition of 50 mM muscimol did not alter the cholesterol levels ( Figure 2A) . Consistent with the results from the whole hippocampal membrane fractions, the isolated synapses of KA-treated mice exhibited an average cholesterol reduction of 31.7%, 30 min after the injection ( Figure 2B ). Hence, cholesterol loss appears to be a natural response to excessive excitatory neurotransmission, even in purified synapses. Since the largest pool of cholesterol is at the PM, and mitochondria and SER tubules, which are also present in the synaptosomal fractions, contain just 0.1-2% of the total cellular cholesterol (Lange, 1991; Pomorski et al 2001; Lebiedzinska et al, 2009) , we find it reasonable to conclude that the majority of the observed cholesterol loss in our experimental conditions occurs at the PM.
NMDA-mediated cholesterol loss plays a role in the modulation of the intracellular calcium response
To determine the functional relevance of the NMDA-mediated cholesterol loss, intracellular Ca 2 þ levels were monitored in neurons exposed to depolarizing stimuli. Under control conditions, two depolarizing stimuli (high K þ ) applied with an interval of 30 min evoked calcium transients of comparable amplitude ( Figure 3A) . However, when in between the two stimuli the cells were exposed to10 mM NMDA the response to the second stimulus was significantly reduced ( Figure 3B ). In agreement with the possibility that this effect was due to NMDA-mediated cholesterol loss, delivery of small amounts of cholesterol (see Materials and methods) in between the two stimuli prevented the reduction in the second Ca 2 þ response produced by 10 mM NMDA ( Figure 3B ). In further agreement, treatment of neurons with 0.1 mM methyl-bcyclodextrin (MBCD), which binds and removes cholesterol from the PM (Rodal et al, 1999) , induced a reduced Ca 2 þ response to the second stimulus ( Figure 3A ) Taken together, these data indicate that NMDA leads to reduced depolarizationevoked Ca 2 þ response, which is, at least partly, due to NMDAinduced cholesterol loss.
Glutamate-mediated cholesterol loss requires high levels of intracellular calcium
To test whether cholesterol loss under depolarizing conditions requires a high level of intracellular Ca 2 , synaptosomes were incubated with 55 mM KCl, which activates voltagegated Ca 2 þ channels, and cholesterol levels were assessed after 15 min. When the synaptosomes were incubated in Ca 2 þ -containing physiological buffer, the 55 mM KCl influx by incubation with 10 mM NMDA (30 min), 10 mM AMPA (15 min) or a combination of 10 mM NMDA and 10 mM AMPA (30 min) induces a significant cholesterol loss. Incubation with 50 mM muscimol (15 min), a GABA A receptor agonist that increases Cl À influx, does not change synaptic cholesterol content (n ¼ 4-9, *Po0.05 versus control, Student's t-test). (B) Mice were injected with kainic acid (KA, 20 mg/kg i.p.) to promote excitatory neurotransmission. The corresponding controls were injected with a saline solution. Synaptic membranes were purified 30 min later, and the cholesterol levels were assessed using fluorimetric detection. KA treatment induced a significant cholesterol loss (SAL: 140.8 ± 10.2 versus KA: 96.2 ± 10.0 ng cholesterol/mg protein; n ¼ 4, *Po0.03 versus SAL, Student's t-test).
triggered cholesterol loss; however, this was not the case when the synaptosomes were exposed to 55 mM KCl in a Ca 2 þ -free buffer ( Figure 4A ). To further demonstrate the role of intracellular Ca 2 þ , synaptosomes were exposed to 10 mM Ru360, a selective blocker of the mitochondrial Ca 2 þ uniporter that increases the cytoplasmic Ca 2 þ concentration independently of PM channels (Nicholls and Chalmers, 2004) . This treatment also triggered significant synaptic cholesterol loss after 30 min (12.7 ± 2.7%, Figure 4B ), altogether suggesting that intracellular Ca 2 þ raise is necessary and sufficient for 
Synaptic cholesterol loss depends on intracellular Ca 2 þ rise and requires a functional STIM2. (A) Rat brain synaptosomes were incubated with 55 mM KCl in normal buffer or in Ca 2 þ -free buffer/1 mM EGTA, and the cholesterol levels were assessed 15 min later (n ¼ 3; *Po0.05 versus 5 mM KCl, Student's t-test.). (B) Incubation of synaptosomes for 30 min with 10 mM Ru360 to raise intracellular Ca 2 þ levels by inhibition of the mitochondrial Ca 2 þ uptake (n ¼ 3; *Po0.05 versus control, Student's t-test). (C) Incubation of synaptosomes for 10 min with 10 mM thapsigargin in Ca 2 þ -free buffer/1 mM EGTA to produce ER Ca 2 þ depletion (n ¼ 4; *Po0.05 versus control, Student's t-test). (D) Wildtype (WT) and STIM2 knockout (KO) mice were injected with saline (SAL) or 20 mg/kg i.p. kainic acid (KA). After 30 min, brain synaptosomes were purified and membrane cholesterol was assessed (n ¼ 6 for WT, n ¼ 4 for KO; *Po0.01 versus WT-SAL, Student's t-test).
cholesterol loss. However, by no means the observed effects with Ru360 imply the involvement of mitochondrial calcium in glutamate-induced cholesterol loss. In fact, it has been demonstrated that the intracellular Ca 2 þ signal that follows the activation of ionotropic glutamate receptors can be amplified by Ca 2 þ release from the ER (Ruiz et al, 2009) . To test if releasing Ca 2 þ from intracellular stores also produces cholesterol loss, synaptosomes were incubated in Ca 2 þ -free buffer with 10 mM thapsigargin, which leads to ER depletion by virtue of its non-competitive inhibition of SERCA (sarco/ ER Ca 2 þ ATPase) (Rogers et al, 1995) . In agreement with the prediction, thapsigargin induced a significant loss of cholesterol (7.7 ± 1.1%, Figure 4C ). Then, we hypothesized that glutamate-induced cholesterol loss may be modulated by STIM2, an ER Ca 2 þ -sensing molecule that has been shown to be essential for store-dependent Ca 2 þ signalling in neurons (Berna-Erro et al, 2009) . Interestingly, we found that a single injection of KA (20 mg/kg, i.p.) caused a significant cholesterol decrease in the synapses of WT mice, and this effect was strongly reduced in the STIM2 knockout mice ( Figure 4D ). Taken together, these data indicate that glutamate-mediated cholesterol loss involves ER-dependent Ca 2 þ signalling.
Excitatory neurotransmission and high levels of intracellular Ca 2 þ mobilize CYP46A1 towards the PM
A major route for the removal of cholesterol from the brain is thought to be the enzymatic conversion of cholesterol into 24S-hydroxycholesterol by the enzyme CYP46A1 (Lund et al, 1999; Björkhem and Meaney, 2004) . In agreement, the cholesterol loss triggered by the addition of NMDA to hippocampal neurons in culture was paralleled by a significant increase in the levels of 24S-hydroxycholesterol in the medium. Consistently with a direct cause-effect relationship, knockdown of CYP46A1 prevented glutamate-mediated cholesterol loss in cultured neurons (Supplementary Figure S3) . Recent data have confirmed the exclusive neuronal expression of this enzyme and its preferential localization in the ER of dendrites and cell bodies (Ramirez et al, 2008) . Hence, one possibility to explain the observed cholesterol loss is the mobilization of CYP46A1 from the ER to the PM. Consistent with this hypothesis, studies in hepatocytes have demonstrated that another member of the Cytochrome P450 family reaches the PM from the ER via a vesicular pathway (Robin et al, 2000) . Our electron microscopy studies show that CYP46A1 is present both in intracellular membranes and in the PM of hippocampal synapses (Figure 5 ), suggesting the existence of a similar ER to the PM pathway. In addition, electron microscopy quantifications of hippocampal dendritic profiles in KA-injected mice showed a significant increase in the amount of CYP46A1 associated with the PM compartment (saline injected: 83/466 PM/total gold particles, 17.8% versus KA injected: 88/340 PM/total gold particles, 25.9%; Po0.01, Fisher's exact test). To address this possibility more directly, we performed surface biotinylation experiments in cultured hippocampal neurons that were exposed to 55 mM KCl, using a membrane-impermeable biotin. These experiments revealed a mild but significant increase in the amount of surface CYP46A1 (16.0 ± 5.1%, Figure 6 ), without changes in the expression levels of this enzyme.
To more conclusively test the mobilization towards the PM, we used Total Internal Reflection Fluorescence (TIRF) The amount of cell-surface CYP46A1 was normalized to the amount of total CYP46A1 in the cell lysate (input: 1/3 of the protein amount used in the pull-down), and the percentage of change was calculated. In steady-state conditions, 20.1 ± 2.3% of the total CYP46A1 pool was present at the surface. After stimulation with 55 mM KCl, neurons showed a significant increase in the amount of surface biotinylated CYP46A1, without changes in the total amount of protein (n ¼ 4; *Po0.05 versus 5 mM KCl, Student's t-test).
microscopy that allowed us to dynamically monitor GFP-CYP46A1 in the vicinity of the PM of transfected cells. Our first studies were performed in HEK cells, where the transfection efficiency is high. These cells were stimulated with 0.5 mM ionomycin in the absence of extracellular Ca 2 þ to deplete the intracellular Ca 2 þ stores, and external Ca 2 þ was subsequently added to stimulate a store-dependent Ca 2 þ influx. Whereas stimulation with ionomycin caused only a modest increase in fluorescence (9±3%, n ¼ 8, P ¼ 0.06), the subsequent addition of external Ca 2 þ induced a strong increase in the fluorescence intensity at and near the PM (33 ± 5%, n ¼ 8, P ¼ 0.001; Figure 7A and B; Supplementary Movie S1). The application of either vehicle or Mg 2 þ , instead of Ca 2 þ , did not cause any significant change in the amount of fluorescence (n ¼ 5, Figure 7A and B). A detailed analysis of the TIRF images indicated that GFP-CYP46A1 was present in the punctae (vesicle-like structures). Consistent with the increase in total fluorescence, stimulation with ionomycin and Ca 2 þ increased the number of vesicle-like punctae that appeared in the evanescent field (19±11 and 41±9%, respectively; Figure 7C and D). Moreover, during stimulation, we observed multiple punctae that rapidly increased their fluorescence and then abruptly disappeared, which we interpret as GFP-CYP46A1-containing vesicles that entered the evanescent field and subsequently fused with the PM ( Figure 7E ). Similar TIRF studies performed in cultured hippocampal neurons stimulated with high K þ confirmed these results ( Figure 8 ; Supplementary Movies S2 and S3).
Discussion
We have shown that excitatory stimulation results in cholesterol loss in hippocampal neurons in culture, in purified synapses and in neurons in vivo. Because the major route of cholesterol removal is via CYP46A1 (Russell et al, 2009) and the main pool of cellular cholesterol is at the PM (Liscum and Munn, 1999; Pomorski et al, 2001) , it is reasonable to propose that excitatory neurotransmission leads to cholesterol loss through the mobilization of CYP46A1 from its internal store, the ER, to the PM. The observed increase in surface CYP46A1 after stimulation supports this notion, and the higher production of the metabolite 24S-hydroxycholesterol in stimulated neurons prove that the pool of the enzyme that increase at the PM is active. Mechanistically, as one might have expected for an ER-resident protein, the process of cholesterol loss required high levels of intracellular Ca 2 þ and a functional STIM2. In fact, mice that were devoid of STIM2 (a Ca 2 þ -binding protein that is capable of sensing the ER Ca show significant variations in synaptic cholesterol content upon the induction of glutamate release after an injection of KA. It is known that the catalytic domain of CYP46A1 is in the C-terminus, facing the cytoplasmic side of the ER (Neve and Ingelman-Sundberg, 2010) . Therefore, cholesterol loss that occurs after a rise in intracellular Ca 2 þ may be due to the proximity of this domain of the protein, still associated with the ER membrane, to cholesterol, in the cytoplasmic leaflet of the PM. However, our biotinylation experiments suggest that the C-terminus is exposed to the outer of the neurons (the N-terminus lacks lysines). This fact, together with the demonstration that the C-terminus faces the cytoplasmic side when the enzyme is in the ER membrane, raises the possibility that the ER, or an ER-derived carrier, interacts with the PM and allows CYP46A1 to flip and expose its catalytic domain to the outside of the cell, thus hydroxylating cholesterol from the outer leaflet. This model is consistent with another one that was proposed to explain the surface appearance of another member of the Cytochrome P450 family that increases on the outside of the hepatocyte's PM upon exposure to a drug that induces mobilization (Robin et al, 2000) . Alternatively, cholesterol loss upon exposure to high levels of Ca 2 þ is the consequence of a dual mechanism: increased amounts of CYP46A1 at the PM (in the inner or the outer leaflet) and mobilization of cholesterol from the PM to the ER tubules to reach the cytoplasm-facing C-terminus of CYP46A1. Our TIRF results show vesicles entering the PM area; however, these results do not rule out the possibility that some of these vesicles are tethers of tubules that only approach the membrane, without true fusion. Irrespective of the precise mechanism through which cholesterol is lost, our results demonstrate the existence of an increase in the amount of plasma/juxta-PM CYP46A1 in conditions of high levels of intracellular Ca 2 þ . Because this enzyme is present in the ER and PM, but not in the Golgi, we favour the idea that high levels of Ca 2 þ elicit a structural and functional communication between the SER and the PM, bypassing the Golgi apparatus. This process would be consistent with the observation that the distance between the ER and the PM can be as small as 10 nm (o30 nm is considered to be an association of the membranes) (Pichler et al, 2001; Wu et al, 2006; Lebiedzinska et al, 2009) . In further agreement, it has been shown that NMDA receptor stimulation produces a transient and reversible fission of ER tubules (Kucharz et al, 2009) .
In a similar manner to other biochemical changes that occur in conditions of excessive excitatory neurotransmission, one could postulate that the loss of cholesterol reported in this work is an exaggeration of physiological events that occur during steady-state excitation. However, the current lack of experimental tools capable of measuring small oscillations of the cholesterol content in spatially restricted areas (synapses) does not allow us to test this possibility. Hence, our results explain the early changes that occur on the PM during conditions characterized by a rapid increase in excitatory neurotransmission, such as epileptic seizures, brain trauma or stroke. In such scenarios, the cholesterol loss that is described in the present study will have a major impact on the physiology of the affected neurons. In fact, our results suggest that cholesterol loss modulates the intensity of intracellular calcium peaks in response to repetitive depolarization. Since cholesterol plays a key role in protein diffusion and endocytosis (Edidin, 2001; Lajoie and Nabi, 2007) , this effect might be due to changes in the lateral diffusion and/or internalization rates of proteins involved in the control of the intracellular calcium concentration. In this scenario, we conclude that neurons that are exposed to a sudden rise in excitatory neurotransmission activate cholesterol loss mechanisms to protect themselves from death.
In the present study, we have shown that cholesterol loss is a normal response to high excitatory neurotransmission in neurons. This loss is due to increased intracellular Ca 2 þ and is paralleled by increased mobilization of the catabolic enzyme CYP46A1 from the smooth ER to the PM. Future work is required to establish whether or not manipulation of this phenomenon will prove therapeutically useful in the treatment of conditions characterized by abnormal excitatory neurotransmission, like epilepsy, brain trauma and stroke.
Materials and methods
Primary hippocampal cultures
Primary cultures were prepared using Wistar rat fetuses at embryonic day 18 (Kaech and Banker, 2006) . For the biochemical analysis, dissociated cells were plated in 3 cm plastic dishes that were previously coated with 0.1 mg/ml of poly-L-lysine, at a density of 150 000 cells/dish. Neurons were grown for 14 days in minimal essential medium with N 2 supplement (MEM-N 2 ) at 371C and under 5% CO 2 .
Membrane purification from primary hippocampal cultures
Hippocampal neurons were scraped in 25 mM MES buffer (pH 7.0) that contained 2 mM EDTA and a protease inhibitor cocktail (Roche). Cells were lysed using a 22G needle and were spun at 0.5 g for 10 min to eliminate the nuclei. Then, the supernatant was centrifuged at 100 000 g for 1 h to obtain the membrane fraction. The membrane pellets were suspended in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 and 1.76 mM KH 2 PO 4 ; pH 7.4) that contained 0.2% SDS. The protein concentration of the samples was determined using the Bradford method (Bio-Rad Protein Microassay). Mouse treatment with KA Wild-type or STIM2 knockout mice were intraperitoneally injected with 20 mg/kg of KA (Sigma). After 30 min, the mice were sacrificed following the internal and European rules for animal care. The corresponding controls received intraperitoneal injections of a saline solution, which was the vehicle for the KA. Then, whole hippocampal membranes or synaptosomes were prepared for an analysis of their cholesterol levels.
Membrane purification from mouse hippocampi
After 30 min of treatment with saline or KA, hippocampi from C57BL/6J mice were dissected and homogenized in MES buffer using a glass-Teflon homogenizer and a 22G needle. Then, the homogenates were spun at 0.5 g for 10 min to eliminate the nuclei, and the obtained supernatants were centrifuged at 100 000 g for 1 h to obtain the membrane fractions. The membrane pellets were suspended in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 and 1.76 mM KH 2 PO 4 ; pH 7.4) that contained 0.2% SDS. The protein concentration of the samples was determined using the Bradford method (Bio-Rad Protein Microassay).
Enzymatic cholesterol measurement
The cholesterol levels were assessed by fluorimetric detection using a commercial kit (Molecular Probes, Invitrogen). Briefly, cholesterol was oxidized using cholesterol oxidase to yield peroxide and the corresponding ketone. Peroxide was then detected using 10-acetyl-3,7-dihydroxyphenoxazine. This compound, in the presence of horseradish peroxidase, reacted with peroxide to produce highly fluorescent resorufin. Fluorescence was measured using a 1420 Multilabel Counter (VICTOR 3 , Perkin-Elmer).
LC/MS lipid analysis
Lipids were extracted from brain tissue and cultured neurons according to the method of Bligh and Dyer (1959) . Lipid phosphorus content of the extract was measured according to the method of Rouser et al (1970) . Phospholipid content of cultured neurons was determined by LC/MS, using authentic standards as external calibrators. For medium analysis, 5 ml of the medium was applied to solid phase extraction columns (500 mg Lichrolute RP18, obtained from Merck, Darmstadt, Germany) that were previously activated by washing with 4 ml of methanol and water, respectively. After subsequent washing with 3 ml of water, hydrophobic compounds were eluted with 1 ml of methanol and 2 ml of chloroform/methanol (1:2, v/v). The combined organic phase was evaporated under nitrogen and samples were stored at À201C under nitrogen atmosphere until analysed. Sterols (including cholesterol and 24S-hydroxycholesterol) were analysed as previously described, using 4-cholesten-3-on as an internal standard (Brouwers et al, 2011) .
Surface biotinylation
Biotinylation of PM CYP46A1 was performed using a membraneimpermeable biotin. Hippocampal cultures were washed with ice-cold PBS and were incubated with 50 mg/ml of EZ-link Sulfo-NHS-Biotin (Pierce) for 30 min at 41C. Any excess biotin was quenched by washing the cultures three times with 20 mM glycine. Then, the cells were lysed in an STEN-lysis buffer (50 mM TRIS, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100 and 1% NP-40; pH 7.6), and the biotinylated proteins that were present in the lysate were pulled down using streptavidin-sepharose beads (GE Healthcare). The cell-surface CYP46A1 was detected using western immunoblotting, and the quantifications were performed using ImageJ 1.37v software (NIH, USA). The signal of the streptavidin pull-down (surface CYP46A1) was normalized by the input (total CYP46A1), and the percentage of change was calculated.
Purification and stimulation of synaptosomes
Synaptosomes were prepared from adult Wistar rats or C57BL/6J mice, as previously described (Pilo Boyl et al, 2007; Napoli et al, 2008) . Briefly, the brains were quickly removed, the olfactory bulb and cerebellum were dissected, and both hemispheres were put into an ice-cold buffer solution (320 mM sucrose, 1 mM EDTA and 5 mM HEPES; pH 7.4). After homogenization with eight strokes in a glassTeflon homogenizer, the homogenate was centrifuged at 3000 g for 10 min. Then, the supernatant was centrifuged at 14 000 g for 10 min. The pelleted synaptosomes were resuspended in Kreb'sRinger buffer (140 mM NaCl, 5 mM KCl, 5 mM glucose, 1 mM EDTA and 10 mM HEPES; pH 7.4) and were mixed with Percoll to reach a final Percoll concentration of 45%. The samples were centrifuged at 18 000 g for 2 min, and the enriched synaptosomes were recovered from the top of the solution and were washed by spinning them for 30 s at 18 000 g. The pelleted, enriched synaptosomes were resuspended in HEPES buffer (140 mM NaCl, 5 mM KCl, 10 mM glucose, 2 mM MgSO 4 , 2 mM CaCl 2 and 20 mM HEPES; pH 7.4). After 30 min of stabilization at 371C, the synaptosomal fractions were treated with different drugs or were incubated in a depolarizing buffer (90 mM NaCl, 55 mM KCl, 10 mM glucose, 2 mM MgSO 4 , 2 mM CaCl 2 and 20 mM HEPES; pH 7.4). The experiments were completed by placing the samples on ice. Then, synaptosomal membranes were obtained by centrifugation at 100 000 g for 1 h. The membrane pellets were resuspended in PBS with 0.2% SDS. Then, the protein content was measured using the Bradford method (Bio-Rad Protein Microassay), and the cholesterol levels were assessed using fluorimetric detection (Molecular Probes, Invitrogen). For the evaluation of calcium dependency, the following buffers were used: 5 mM KCl buffer (130 mM NaCl, 5 mM KCl, 2.2 mM CaCl 2 , 4 mM NaHCO 3 , 5.6 mM glucose, 0.5 mM Na 2 HPO 4 , 0.4 mM KH 2 PO 4 and 10 mM HEPES, pH 7.4); 55 mM KCl buffer (80 mM NaCl, 55 mM KCl, 2.2 mM CaCl 2 , 4 mM NaHCO 3 , 5.6 mM glucose, 0.5 mM Na 2 HPO 4 , 0.4 mM KH 2 PO 4 and 10 mM HEPES, pH 7.4); 5 mM KCl buffer/EGTA (130 mM NaCl, 5 mM KCl, 1 mM EGTA, 4 mM NaHCO 3 , 5.6 mM glucose, 0.5 mM Na 2 HPO 4 , 0.4 mM KH 2 PO 4 and 10 mM HEPES, pH 7.4); and 55 mM KCl buffer/EGTA (80 mM NaCl, 55 mM KCl, 1 mM EGTA, 4 mM NaHCO 3 , 5.6 mM glucose, 0.5 mM Na 2 HPO 4 , 0.4 mM KH 2 PO 4 and 10 mM HEPES, pH 7.4).
STIM2 knockouts The generation of Stim2
À/À mice has been recently reported (Berna-Erro et al, 2009). The mice used in the experiments were at least 3 months of age. All of the animal manipulations were approved by the local authorities and were conducted according to the German law of animal protection.
Calcium imaging
Changes in intracellular calcium concentration in rat hippocampal neurons were monitored using ratiometric Fura-2-based fluorimetry. Hippocampal neurons plated on glass coverslips were loaded with 5 mM Fura-2AM-ester (Alexis Biochemicals) for 30 min. Fluorescence was measured during repetitive illumination at 340 and 380 nm with a monochromator-based imaging system. The ratio of the fluorescence signal at both wavelengths was calculated as previously described (Vriens et al, 2005) . The standard extracellular solution contained (in mM): 138 NaCl, 5.4 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 glucose and 10 HEPES (pH 7.4). The high K þ solution for stimulation contained (in mM): 95 NaCl, 50 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 glucose and 10 HEPES (pH 7.4). Experiments were performed at room temperature.
The Krebs solution applied in between the two high potassium stimuli in order to deliver small amounts of cholesterol contained a combination of 30 mM Sigma water-soluble cholesterol and 5.2 mM cholesterol (plus 10 mM NMDA). To remove small amounts of membrane cholesterol, 0.1 mM MBCD was added in the Krebs solution.
Electron microscopy Adult mice were anaesthetized using an intraperitoneal injection of xylazine (0.25 mg; Rompun; Bayer Health Care) and ketamine (2.5 mg; Imalgene; Merial). The mice were then perfused with 2% formaldehyde and 0.05% glutaraldehyde in a sodium acetate buffer (0.1 M, pH 6.0) for 2 min, followed by a 1 h perfusion with 2% formaldehyde and 0.05% glutaraldehyde in a borate buffer (0.1 M, pH 9.0). The brain was dissected, post-fixed overnight, and then sliced into 80 mm coronal sections through the dorsal hippocampus using a vibratome (Leica VT 1000S). These sections were cryoprotected in 30% sucrose and were then frozen and thawed three times to enhance the antibody penetration. The sections were then collected in PBS, blocked in 10% normal goat serum (NGS) and incubated with a polyclonal antibody against CYP46A1 (1:400 in TBS) at 41C for 72 h. The sections were then incubated with secondary antibodies that were coupled to 1.4 nm colloidal gold particles (1:100; Alexa Fluor-488 FluoNanogold anti-rabbit Fab; Nanoprobes Inc., Yaphank, NY). Ultrasmall gold particles were visualized with the gold enhance EM formulation (Nanoprobes), as described by the manufacturer. Lastly, the sections were post-fixed with 0.5% osmium tetroxide for 15 min at 41C, stained with 1% uranyl acetate for 25 min, dehydrated in acetone and flat-embedded in Epon 812. Ultrathin sections were collected on 400 mesh copper grids, stained with lead citrate for 3 min and observed with a JEM-1010 electron microscope (Jeol, Japan) that was equipped with a side-mounted CCD camera (Mega View III; Soft Imaging System, Germany).
TIRF microscopy
Human embryonic kidney cells, HEK293T, were grown in Dulbecco's modified Eagle's medium (DMEM) that contained 10% (v/v) human serum, 2 mM L-glutamine, 2 units/ml penicillin and 2 mg/ml streptomycin at 371C in a humidity-controlled incubator with 10% CO 2 . HEK293T cells were transiently transfected with cDNA encoding GFP-CYP46A1 using the TransIT-Neural Transfection Reagent (Mirus Corporation, Madison, USA). The GFP-CYP46A1 (with GFP in the C-terminus) was produced in our laboratory. The mouse CYP46A1 gene was amplified from the expression vector pT-Rex-DEST30 (RZPD, Berlin, Germany) using the following primers: 5 0 -GCCACCATGAGCCCCGGGCTGCTGCTG-3 0 and 3 0 -GGATCCGAGCAGGGTGGGGGTGGGGGTGC-5 0 . Then, the cDNA was subcloned into the pEGFP-N1 plasmid (Clontech Laboratories, Inc) using the ApaI and BamHI restriction sites.
All of the live-imaging experiments were performed at 251C with cells that were grown on 25 mm glass coverslips and were placed in a custom chamber with HEPES-buffered saline that contained (in mM): 150 NaCl, 5 MgCl 2 , 1 EGTA, 10 HEPES (pH 7.4). When indicated, the EGTA was replaced by 3 mM CaCl 2 . Cells were imaged 3 days after transfection. TIRF images (150 ms exposure) were acquired using a through-the-lens TIRF system that was built around an inverted Axio Observer.Z1 microscope equipped with a X-100 oil objective (numerical aperture ¼ 1.45) and a Hamamatsu Orca-R 2 camera. We excited the GFP-CYP46A1 using a 488-nm laser, and excitation and emission light was separated using appropriate filters. Time series of 250 images at 2 s intervals were recorded. Constant laser intensity, focus (Definite Focus Zeiss), TIRF angle and camera gain were maintained throughout each experiment. The spatially averaged fluorescence intensity (i.e., averaged over the entire region of the cell being imaged) was determined using Axiovision 4.8. Images were analysed using a laboratory-developed software to determine the amount of vesicles in each image. This program discriminates between moving vesicles and the background by subtracting from each frame an average image that was calculated from a user-selectable number of frames surrounding the frame of interest. The user then provides an intensity level value (0-255), which is used to convert the 8-bit grayscale image that is obtained using background cancellation to a monochrome image that contains only the isolated particles. This frame is fed to a particle analysis routine that detects and counts the number of vesicles, analyses the particle shape and provides the output as a human-readable ASCII file. The software was created using the NI LabWindows TM /CVI development package and image processing libraries from the NI Vision Development Module, both of which were obtained from National Instruments Belgium (NV/SA, 1930 Zaventem, Belgium).
Hippocampal neurons were transfected with cDNA encoding GFP-CYP46A1 using the TransIT-Neural Transfection Reagent (Mirus Corporation), following manufacturer's protocol.
shRNA and lentivirus preparation The CYP46A1 targeting sequence was designed using the RNAi design algorithm at http://www.dharmacon.com/DesignCenter/ DesignCenterPage.aspx. Then, 46-sense and 46-antisense oligos encoding CYP46A1-shRNA were designed as previously reported (Rubinson et al, 2003) . The pSi46 plasmid was constructed by cloning the 46-sense/antisense duplexes into the pLentiLox 3.7 and lentiviral particles were produced as previously described (Martin et al, 2008) .
Statistical analysis
Protein normalized cholesterol levels in cultured hippocampal neurons and synaptosomes ( Figures 1A and 2A) were compared with those of the corresponding controls for each treatment using Student's t-test. Then, the percentage of change compared with the corresponding controls was calculated for each treatment, and all of the variations were plotted in the same graph, with a unique representative bar for the controls (100%). In the remainder of the experiments, Student's t-test was applied as stated in the figure legends. Differences between groups were considered to be significant when Po0.05.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
